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ABSTRACT 

NbSiTaTiZr  alloy  was  designed  to  have  two  combined  effects:  high  entropy  effect 
and  large  atomic  size  effect  which  are  intended  to  give  unusual  thermal  stability  of 
amorphous  structure.  The  outcome  is  that  the  amorphous  structure  of  deposited  alloy 
film  on  sapphire  substrate  can  be  retained  even  annealed  at  850  °C  for  at  least  3  h.  If 
substrate  effect  could  be  eliminated,  the  crystallization  temperature  would  be  higher. 


I.  Introduction 

Metallic  glasses  (MGs)  with  proper  alloy  design  are  fascinated  with  their  unique 
and  remarkable  properties  such  as  excellent  mechanical  properties  (high  strength), 
corrosion  resistance  and  magnetic  properties  (soft  and  hard  magnetism)11"  15l  MGs 
accompanying  with  these  outstanding  features  are  promising  for  advanced 
applications;  therefore,  many  researchers  exert  themselves  on  studying  MGs1 16"191. 
Various  metallic  glass  systems  as  bulk  forms,  powders,  and  films  and  their  fabrication 
processes  have  been  widely  studied  and  developed.  Physical  vapor  deposition  and 
mechanical  alloying  were  applied  in  preparation  of  fdms  and  powders  of  MGs, 
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respectively15'6' 11].  Rapid  solidification  techniques  were  utilized  to  manufacture 
metallic  glass  ribbons[20].  With  certain  alloy  compositions  design,  metallic  glasses 
could  be  produce  as  bulk  forms  under  moderate  cooling  rates  due  to  their  higher  glass 
forming  ability,  which  are  often  called  bulk  metallic  glasses  (BMGs)  or  bulk  glassy 
alloys  (BGAs)[1619].  In  last  three  decades,  bulk  metallic  glasses  have  been  extensively 
investigated.  Inoue  et  a/.[16,l9]  proposed  three  empirical  rules  for  designing  BMGs:  (1) 
multi-component,  consisting  of  three  elements  or  more;  (2)  significant  atomic  size 
difference  >12%  among  the  three  main  constituent  elements;  and  (3)  negative  heats  of 
mixing  among  the  three  main  elements.  However,  the  recrystallization  temperatures  of 
reported  BMGs  are  quite  low,  usually  under  800  K[4,21l  As  recrystallization  would 
eliminate  the  merits  of  amorphous  structure,  MGs  and  BMGs  with  higher 
recrystallization  temperatures,  i.e.,  having  higher  thermal  stability  in  processing  or 
applications,  are  always  the  important  issue  in  their  developments. 

On  the  basis  of  above  considerations,  several  multi-principal  elements  alloy 
systems  of  high-entropy  alloys  (HEAs),  were  designed  and  studied  in  order  to 
enhance  thermal  stability  of  amorphous  structure  at  high  temperatures  in  our  previous 
research.  Within  these  studies,  the  high-entropy  NbSiTaTiZr  alloy  film  with 
amorphous  phase  possesses  noteworthy  thermal  stability.  It  was  found  that  this 
metallic  glass  film  can  maintain  amorphous  structure  at  900  °C  (1173  K)  for  several 
hours.  This  record  is  much  higher  than  those  recrystallization  temperatures  of  MGs 
and  BMGs  reported14’2 1].  This  study  is  thus  intended  to  check  this  high  thermal 
stability  and  understand  its  mechanism  in  consideration  of  the  importance  of 
outstanding  high  thermal  stability  behavior  found  in  high-entropy  alloy  system. 
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II.  Experimental  procedures 


The  sputtering  target  of  NbSiTaTiZr  equal-mole  high-entropy  alloy  used  was 
prepared  with  Nb,  Si,  Ta,  Ti,  and  Zr  elemental  raw  materials  via  vacuum  arc-melting 
in  an  water-cooled  crucible.  The  melting  and  solidification  were  repeatedly  for  at  least 
5  times  to  ensure  the  chemical  homogeneity.  The  solidified  slab  was  then  cut  and 
polished  into  a  disc  2  inch  in  diameter.  Sapphire  wafers  were  utilized  as  the  substrate 
for  the  deposition  of  the  alloy  films  from  the  NbSiTaTiZr  target  The  deposition 
method  is  DC  magnetron  sputtering  operated  at  a  target  power  of  150  W  and  under  a 
base  pressure  better  than  5  x  10"6  torr  and  a  working  pressure  fixed  at  5  x  10"3  torr 
with  an  argon  gas  flow  of  20  seem.  The  as-deposited  specimens  were  subjected  to 
rapid  thermal  annealing  (RTA)  at  different  temperatures  from  300  °C  to  900  °C  for  at 
least  1  h  under  high  vacuum  condition  <  5  x  10"7  torr. 

Chemical  composition  of  NbSiTaTiZr  alloy  coatings  were  analyzed  using  an 
electron  probe  microanalyzer  (EPMA,  JEOL  JAX-8800).  The  crystallographic 
structures  of  as-deposited  and  annealed  metallic  films  were  characterized  utilizing  a 
glancing  incident  angle  X-ray  diffractometer  (GIAXRD,  RIGAKU  D/MAX2500) 
with  Cu  Ka  radiation  and  at  the  incident  angle  of  T  .  The  surface  morphology  and 
microstructures  were  observed  with  field-emission  scanning  electron  microscope 
(FESEM,  JOEL  JSM  6500F).  The  structure  evolutions  of  annealed  NbSiTaTiZr  alloy 
thin  films  were  investigated  with  transmission  electron  microscope  (JEM-21  OOF). 
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III.  Results  and  Discussion 


1 .  EPMA  and  XRD  analyses  on  as-deposited  and  as-annealed  films 

The  chemical  compositions  of  as-deposited,  850  °C-annealed  and  900 
°C-annealed  NbSiTaTiZr  alloy  thin  films  were  analyzed  by  EPMA,  as  listed  in  Table 
1 .  It  confirms  that  compositions  of  NbSiTaTiZr  alloy  films  under  various  states  are 
very  close  to  our  equimolar  design  (20  at  %). 

Table  1.  Actual  compositions  of  thin  films  at  various  states  compared  with 
nominal  composition  designed 


Content  (at  %) 

Elements 

Nb 

Si 

Ta 

Ti 

Zr 

alloy  design 

20 

20 

20 

20 

20 

as-deposited 

20.2 

19.1 

21.3 

19.5 

19.9 

850  °C  annealed 

21.0 

20.1 

20.4 

18.3 

20.2 

900  C  annealed 

19.9 

19.5 

22.6 

18.6 

19.5 

Figure  1  shows  the  XRD  patterns  of  NbSiTaTiZr  alloy  thin  films  under 
as-deposited  state  and  as-annealed  states  after  annealing  at  various  temperatures 
between  300  °C  and  900  °C  for  one  hour.  The  as-deposited  thin  film  possesses 
amorphous  structure.  All  annealed  samples  except  that  annealed  at  900  °C,  exhibit 
single  diffuse  peak  (range  of  20  >  15°).  It  should  be  noted  that  the  diffuse  peaks  of 
most  annealed  patterns  are  lower  and  broader  than  that  of  the  as-deposited  one.  This 
implies  that  the  annealing  at  higher  temperatures  render  the  amorphous  structure  more 
disordered,  i.e.,  with  higher  degree  of  disorder,  as  the  samples  was  fast  cooled  after 
annealing.  This  unusual  trend  as  opposed  to  the  general  trend  towards  crystallization 
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suggests  the  existence  of  high  entropy  effect  which  tends  to  let  the  solution  become 


more  random  at  higher  temperatures.  However,  the  900  °C-annealed  one  clearly 


illustrates  the  commencement  of  crystallization  in  this  NbSiTaTiZr  alloy  thin  film. 


NbSiTaTiZr  -  Vacuum  Annealing  (1  h) 


Figure  1.  XRD  patterns  of  NbSiTaTiZr  alloy  thin  films  under  as-deposited  state 
and  as-annealed  states  after  annealing  at  various  temperatures  between  300  °C 

and  900  °C  for  one  hour. 

2.  FE-SEM  investigations  on  as-deposited  and  as-annealed  films 

Figure  2(a),  2(b)  and  2(c)  show  the  FE-SEM  images  of  as-deposited,  850 
°C-annealed  and  900  °C-annealed  alloy  thin  films,  respectively.  It  reveals  that 
as-deposited  film  exhibits  very  uniform  and  smooth  surface  even  seen  under  very  high 
magnification.  The  very  fine  clusters  are  equiaxed  and  around  8  nm  in  size  which  are 
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the  typical  feature  of  amorphous  film  in  which  all  clusters  are  amorphous.  850 


°C-annealed  film  still  displays  similar  features  but  clusters’  contrast  becomes  poorer 
than  that  of  as-deposited  film.  This  suggests  the  smoothening  effect  during  annealing 
which  might  due  to  the  surface  tension  effect  to  minimize  the  surface  area  as  seen  in 
the  fire  polishing  on  glass  surface.  Nonetheless,  900  °C-annealed  alloy  film  shows 
extra  feature.  There  are  a  number  of  larger  grains  distributed  randomly  on  the  film 
surface.  The  average  size  of  these  grains  is  about  15  nm.  Accompanying  with  the 
crystallization  phenomenon  revealed  by  XRD  pattern,  this  suggests  the  larger  grains 
are  very  probably  crystalline. 


(a)  as-deposited 


NTHUMSE  SEI  15.0kV  X100.000  lOOnm  WD  8.3mm 
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(b)  850  °C,  1  h 


NTHUMSE  SEI  15.0kV  X100.000  lOOnm  WD  8.4mm 

(c)  900  C,  1  h 


NTHUMSE  SEI  15.0kV  X100.000  lOOnm  WD 8.3mm 


Figure  2.  FE-SEM  images  of  (a)  as-deposited,  (b)  850  °C-annealed  and  (c)  900 

°C-annealed  alloy  thin  films. 

3.  AFM  analyses  on  as-deposited  and  as-annealed  films 
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Figure  3  shows  the  AFM  analyses  of  as-deposited  (denoted  as  RT),  850 


°C-annealed  and  900  °C-annealed  alloy  thin  films,  including  3D  images  and  RMS 
values.  The  surface  roughness  (RMS  value)  of  850  °C-annealed  film  is  slightly 
smaller  than  that  of  the  RT  one.  Flowever,  surface  roughness  of  900  °C-annealed  alloy 
film  is  evidently  larger  than  the  RT  one.  This  variation  of  roughness  with  annealing 
temperature  is  consistent  with  that  observed  with  FE-SEM. 

RMS  15 
(nm) 

1.0 

0.5 

0.0 

RT  850  900 

Annealing  Temperature  (°C) 

Figure  3.  AFM  analyses  of  as-deposited  (denoted  as  RT),  850  °C-annealed  and 

900  °C-annealed  alloy  thin  films. 

4.  TEM  investigation  on  as-deposited  and  as-annealed  films 

Up  to  now,  we  can  comprehend  two  important  facts  based  on  the  results  presented 
by  XRD,  SEM,  and  AFM  analyses,  as  shown  in  Figure  1,  2,  and  3.  First,  NbSiTaTiZr 
alloy  thin  films  can  sustain  the  amorphous  structure  after  subjecting  to  rapid  thermal 
vacuum  annealing  at  850  °C  for  1  h  (XRD:  single  diffuse  peak,  SEM:  even  surface 
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morphology,  AFM:  nearly  same  surface  roughness)  .  Second,  it  might  be  conjectured 


that  NbSiTaTiZr  alloy  thin  films  commence  to  crystallize  under  vacuum  annealing  at 
900  °C  for  1  h  and  form  precipitates  in  the  amorphous  matrix.  Although  we’ve 
already  known  the  above  outcomes  from  XRD,  SEM  and  AFM  analyses,  both  facts 
still  have  to  be  examined  elaborately.  As  a  consequence,  further  TEM  analysis  is 
compulsory  to  be  performed. 

Figure  4  presents  high  resolution  bright  field  image  and  selected-area-diffraction 
(SAD)  patterns  of  (a)  800  °C-,  (b)  850  °C-  and  (c)  900  °C-annealed  alloy  thin  films, 
respectively.  Both  high  resolution  images  of  800  °C-annealed  and  850  °C-annealed 
samples  reveal  typical  uniform  salt-and-pepper  feature  of  fully  amorphous  structure. 
Furthermore,  their  SAD  patterns  exhibit  diffused  rings.  This  again  confirms  that  this 
coating  can  retain  its  amorphous  structure  after  annealing  at  800  °C  and  850  °C  for  1 
h.  Nevertheless,  not  only  high  resolution  image  but  also  SAD  pattern  illustrates  that 
there  are  some  crystallites  dispersed  in  the  amorphous  matrix  of  900  °C-annealed 
sample. 
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Figure  4.  High  resolution  bright  field  image  and  selected-area-diffraction 
patterns  of  (a)  800  °C-,  (b)  850  °C-  and  (c)  900  °C-annealed  alloy  thin  films. 

5.  Substrate  effect 

For  the  crystallization  phenomenon  at  900  °C  vacuum  annealing,  we  propose  that 
diffusion  and  chemical  reaction  have  occurred  during  annealing  treatment.  It  is  well 
known  that  the  formation  energy  of  Zr  oxide  is  very  close  to  that  of  A1  oxide.  Thus,  it 
is  expected  that  AFCT,  near  the  interface  are  reduced  by  constituent  elements  Zr  in  thin 
film  and  the  reduced  A1  atoms  will  diffuse  into  films  to  mix  with  other  metals.  In 
accompany  with  this,  oxygen  atom  or  ion  will  diffuse  from  AI2O3  substrate  into  the 
film  to  form  other  oxides,  mainly  Zr  oxide.  As  a  result,  the  chemical  composition  of 
affected  diffusion  zone  and  in  turn  was  changed  and  the  stability  of  amorphous 
structure  of  the  films  was  reduced. 
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6.  Strategy  of  alloy  design  for  unusual  thermal  stable  amorphous  structure 

If  we  compare  the  present  crystallization  temperature  850  °C  with  the  reported 
crystallization  temperatures  of  BMGs  as  listed  in  Tables  3,  a  large  improvement  of 
323  °C  is  seen  as  compared  to  TisoNBoCmoBiSBSns  BMG  with  the  highest 
crystallization  temperature.  It  is  generally  believed  that  amorphous  structure  is 
unstable  and  tends  to  form  crystalline  structure  in  order  to  lower  total  free  energy. 
This  is  primarily  based  on  the  fact  that  amorphous  structure  has  lower 
coordination  number  in  atomic  configuration  and  higher  distortion  than  crystalline 
structure.  However,  the  present  study  demonstrates  that  this  might  not  be  true  in 
high-entropy  alloys.  A  suitable  design  such  as  the  present  NbSiTaTiZr  alloy  could 
have  both  high  mixing  entropy  and  large  atomic  size  difference.  This  strategy  not 
only  uses  high  mixing  entropy  to  enhance  the  solution  state  but  also  uses  large 
atomic  size  difference  (fulfilling  the  Inoue’s  second  rule)  to  prevent  crystallization 
at  high  temperatures. 

Table  3.  Thermal  properties  of  various  BMGs  from  reference  [4] 
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BMC 

r,  no 

r,  no 

r(K> 

N 

454.2 

477.7 

7258 

0.63 

Mg^NijoNdis 

459  3 

501.4 

74  30 

0.62 

MgisNiuNdgj 

450.0 

4828 

7170 

0.63 

467.1 

494.1 

7425 

0.63 

M|uCtouY|o 

424.5 

4840 

727.9 

0.58 

7-Ui  jTi  1 1  lOliisN i .  0Bc  22  s 

623.0 

7050 

9.320 

0.67 

7iTi»  yQ*  7 *  ioBc  it  j 

622.0 

7270 

9090 

0.68 

7.1 as  uTi*  £2Q*&7sNii«Peat4s 

623.0 

7400 

9110 

0.68 

^r*2i3*1|UjClH||  15Ni10Hc2,  n 

623.0 

7120 

9330 

0.67 

Zr^TinCu.oW.oBcs 

625.0 

7390 

9170 

0.68 

Zru  sTii6  tsCuiusBcjo 

630.0 

6780 

9210 

0.68 

Zr^NbgCu,  >FctBc24 

658 

751 

1009 

0.65 

ZruNNCui^Nii’Bcu 

656 

724 

997 

0.66 

s  A1 ,  oCu2oN  % 

676.7 

725.4 

10955 

0.62 

ZrsiNb^Cuis  4N1126AI10 

687 

751 

1092 

0.63 

£rs?TiiOi16Ni  u>A1|6 

697 

793 

1118 

0.62 

Zr^AI/  u  iNi|4 

662.3 

720.7 

11175 

0.59 

Z.r^Al^C  u  iiNii* 

655. 1 

7325 

1 109.1 

0.59 

Zr^Al^CTu  feN  i«> 

657.2 

736.7 

1110.9 

0.59 

Zr«AlJS'ij* 

672.0 

7076 

1 1885 

0.57 

Zr«AluQi|7  ,Ni,0 

656.5 

7356 

11086 

0.59 

Pd,(oNij)P  jo 

590.0 

6710 

87  75 

0.67 

Pd,,  5CujSilw 

633.0 

6700 

1008.8 

0.63 

Pd^jCuvjNioPjo 

586.0 

6780 

744.8 

0.79 

Pd*:  A10M7  sPjo 

574.0 

6600 

8080 

0.71 

Pd77  <Cu»Sil&S 

637.0 

6780 

1019.4 

0.62 

Pd*l  sCUj7  sNiioPjO 

572.0 

6660 

75  20 

0.76 

CuaZrwTiio 

713.0 

7630 

11100 

0  64 

CuS4Zrj7Ti.>Bc.o 

720.0 

7620 

10900 

0.66 

Cu®ZrjoHf  ioTi  10 

754 

797 

1189 

0.63 

La^Al^Qi^ 

395.0 

4490 

681.9 

0.58 

La«Al2<Nijo 

490.8 

555.1 

7116 

0.69 

La«AllsNii0Cu,0 

467.4 

5472 

6621 

0.71 

La«Al2sOi2D 

455.9 

494J 

672.1 

0.68 

La«AUsbfisCul0C<>5 

465.2 

5418 

660.9 

0.70 

Nd^>Al  ioCuioFcjo 

485.0 

6100 

77  30 

0.63 

NdfcCvAl  1  sN  i  wCu  ioFc  % 

4.30.0 

4750 

7090 

0.61 

N4nAI,  ,Ni£o£n„ 

445.0 

4690 

7290 

0.61 

Ti«Zr,  iC'iuiN'is 

698.4 

7272 

11190 

0.62 

TiyjN  i  j^u  jpB  4Si  >Sn  ^ 

726.0 

8000 

12300 

0.59 

Aim  a  Sit  *Gc.?  1 

293.0 

2930 

6060 

0.48 

409 

452 

705 

0.58 

PtMIiiBckCu) 

551 

626 

845 

0.65 

Most  of  data  were  obtained  by  DSC  or/and  DTA  st  a  healing  rate  of  20  KAnin. 


IV.  Conclusions 

1 .  As-deposited  NbSiTaTiZr  alloy  films  are  fully  amorphous. 

2.  Annealing  of  the  amorphous  NbSiTaTiZr  films  at  850  °C  for  at  least  3  h  does 
not  cause  crystallization  based  on  XRD,  SEM  and  TEM  analyses.  Elowever, 
annealing  at  900  °C  for  1  h  causes  some  crystallization. 

3.  The  devitrification  phenomenon  is  due  to  the  substrate  effect.  The  interface 
reaction  causes  O  ions  and  reduced  A1  atoms  diffuse  into  the  film  and  change 
the  original  chemical  composition  to  enhance  the  crystallization. 

4.  Apart  from  the  substrate  effect,  the  amorphous  structure  of  NbSiTaTiZr  films 
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is  very  stable.  The  unusual  stability  is  based  on  two  combined  effects  from 


high  entropy  and  sufficiently  large  atomic  size  difference. 
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